Introduction
The C = C carbon-carbon triple bond established itself as a versatile organic building-block that en ables well-defined m olecular structures particularly when com bined with aryl substituents. The syn thetic potential o f ethynes and ethynylarenes offers a vast variability ranging from direct ethynylation and m etal-m ediated coupling reactions to cyclo-and polym erization [1] . Acetylene based system s find wide utilization in LCs [2] , polym er LED s [3] , high perform ance therm osets and carbon-carbon co m posites [4] , Suitable functionalization leads to struc tures with applications in electro- [5] and m agnetochem ical [6] devices, to N LO -phores w ith \ (2) and X(3) response [7] , to supram olecular com ponents for photonics [8] as well as to chem icals with signif icant bioactivity [9] , com prising derivatives such as HIV reverse transcriptase inhibitors [9e] . M ost of the aforem entioned utilizations profit from the sp-conjugation o f acetylenic spacers w hich allow s intram olecular interactions like charge averaging or energy and electron transfer. The enforced rigidy o f * Reprint requests to Prof. Dr. K. E. Schwarzhans. this structural elem ent, on the other hand, is getting im portant in advanced m olecular architectures. For instance, organic netw orks m im icing diam ondoide or zeolithic arrays are accessible by self-assem bling o f acetylene based tem plates [101. Consequently, organic solid state chem istry significantly benefits from the electronic and structural particularities of this m olecular constituent. This paper reports on the synthesis o f bifunc tional ethynes w ith em phasis on ethynylferrocenes, applying various organom etallic substitution reac tions. The target m aterials are designed for basic electrochem ical and hyperpolarizability studies.
D iarylacetylenes in Nonlinear Optics and M olecu lar Electronics
For the application-oriented construction o f tar get com pounds with acetylenic bridging ligands three obvious candidates can be envisaged. First, the title com pound ethynylferrocene itself, second, ferrocenyl-4,4'-disubstituted tolane derivatives, and third, ferrocenyl-ethynyl-2,2'-bipyridyl metal com plexes with the respective potential for uses in the fields o f nonlinear optics and m olecular electronics. 0 9 3 9 -5 0 7 5 /9 6 /1 2 0 0 -1 6 8 3 $ 06.00 © 1996 Verlag der Zeitschrift für Naturforschung. All rights reserved. K Tolane based donor-acceptor m olecules have ex cessively been discussed as m aterials for nonlin ear optics because o f their structural and elec tronic features [11J. System atic theoretical stud ies, SH G , EFISH and TH G m easurem ents o f 4,4'-disubstituted tolanes with num erous different sub stituents give evidence that both suszeptibilities and hyperpolarizabilities are at best m oderate. C on sequently, the significant enhancem ent o f nonlin ear optical responses necessitates new concepts. Synthetical approaches which take this dem and into account com prise the integration o f novel substituents such as inductive and cationic ac ceptors, replacing diphenylacetylenes by (phenylethynylene)pyridinium links, (and use in LB films [12] or superlattice environm ents [13] , respec tively), as well as the preparation o f oligo(ethynylenephenylene) spacers [7b,e, 14] and polym ers w ith pendent N LO -phores [15] , Since ferrocene derivatives represent the m ost versatile class of organom etallic system s in the field o f nonlinear optics, the investigation o f (ferrocenylethynylene)-phenylenes instead o f diphenylacetylenes appears inviting. The donor-acceptor com pound 4 for in stance has been designed as m onom er precursor to branched polyvinyls.
2,2'-B ipyridyl derivatives w ith ethynyl sub stituents at their 4,4'-or 5,5'-positions rather than 6,6' (for sterical reasons in coordination com pounds) and, to som e extent, cognate terpyridines w ith less favorable chelating characteristics as well as rigid 1,10-phenanthrolines find continued interests in m olecular electronics. C orresponding m ono-, di-and polynuclear Ru(II) and O s(II) com plexes allow photoinduced energy and electron transfer processes [16] , Properly designed system s perm it the m anufacture o f hom o-and heteronuclear coordination com plexes with tunable redox and lu m inescence properties.
Bi-and term etallocenes such as com pounds 1, 2 and 3 are likely suited for basic elec trochem ical investigations. Furtherm ore, 1,3,5-tris(phenylethynylene)benzene and l,3,5-tris(ferrocenylvinylene)benzene analogues o f com pound 2 have recently been reported as potential N LOphores [17] .
E thynylferrocene d eriva tives
The Vilsm eier reaction has been recognized to be a highly efficient synthetic route tow ards ethynyl ferrocene [18] which represents an econom ic and versatile m odule. A lternative synthetic methods are more tedious and generally more expensive. Ferrocenylacetylenes have soon been recognized as potential starting m aterials to more com plex organom etallics and m acrom olecular system s ow ing to the term inal ethyne which enables a variety o f distinct coupling reactions. D iferrocenylacetylene, [2.2] ferrocenophane-l,13-diyne (both being widely used in intervalence transfer studies [lb] ), (ferrocenylethynylene)benzene and ferrocenyl-1 -naphthylacetylene are w ell-know n derivatives [5a, 18a, 19] . Subsequent preparation o f heteronuclear (ferrocenylethynylene)cobaltocenium salts [20] and further electrochem ical investigations com plem ent the range o f acetylene-bridged bim etallocenes. As m entioned above, the proposed bis-and tris(ferrocenylethynylene)arenes 1,2 and 3 are o f com parable interest w ith regard to intervalence transfer studies.
O rganom etallic chrom ophores are quite interest ing for nonlinear optics because they may exhibit (a) M LC T and LM CT interactions, (b) redox re versibility w hich m akes the metal center an ex trem ely strong acceptor or donor, and (c) gen erally low-energy excited states with dipole m o m ents significantly different from their groundstate dipole m om ents. These properties give rise to large optical nonlinearities. Ionic species of fer additional im portant features such as counte rion m etathesis to obtain higher nonlinear opti cal responses and non-centrosym m etric structures, the basic requirem ent for second-order NLO m a terials, as well as favorable solubility and processibility characteristics. The intense color o f cer tain system s, however, causes transparency prob lem s and nonlinear optical investigation o f salts and m ixed-valency m etal complexes in solution is restricted to the H yper-Rayleigh Scattering tech nique (H SR), w hich is the only m ethod avail able for determ ining the ß values of such com pounds [21] . Consequently, acceptor substituted ferrocenylethynes like 4-(ferrocenylethynylene)-cyanobenzene [7a, 22], 4-(ferrocenylethynylene)-acetylbenzene [23] , 4-(ferrocenylethynylene)nitrobenzene [22, 23] [24] [32]
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ethynylene)triphenyl borate 5 have been prepared to meet several o f the more im portant requirem ents for x (2) m aterials. Synthesis and characterization o f (ferrocenylethynylene)benzene chrom ium tricar bonyl and pentam ethylcyclopentadienyl ruthenium com plexes, on the other hand, failed. These findings stress the necessity o f convenient accessibility as an additional dem and for purposive m aterials. Syn thetic approaches towards the aforem entioned novel ferrocenylethynyl derivatives 1-5 will therefore be discussed in the follow ing section with em phasis on the m ost efficient routes.
Results and Discussion
An early approach to (ferrocenylethynylene)-arenes by Stephens and Castro, i. e. coupling o f cuproacetylides with haloarenes in pyridine, yielded m aterials such as diferrocenylacetylene, [2.2] ferrocenophane-l, 13-diyne and ferrocenyl-1-naphthylacetylene [18a, 19, 24] . We tried the cou pling o f cuprous ferrocenylacetylide w ith 1,4-dibrom obenzene and 9,10-dibrom oanthracene which yielded l,4-bis(ferrocenylethynylene)benzene 1 and 9 ,10-bis(ferrocenylethynylene)anthracene 3. However, purification and separation from 1,4-diferrocenyl-l,3-butadiyne, the byproduct which results from undesired dim erization, turned out to be difficult and the yields were not satis factory. The H agihara coupling, i.e. the Pd/Cucatalysed reaction o f term inal ethynes with haloarenes in am ine solvents, has already been re ported to be favorable in the preparation o f di ferrocenylacetylene, 1,3,5-tris(phenylethynylene)-benzene and 9,10-diethynylanthracene derivatives, respectively [8a,d, 17a, 25] . Even the synthe sis o f (ferrocenylethynylene)benzene and (ferrocenylvinylene)benzene derivatives has been re ported to profit from Pd-catalysed reaction condi tions according to Hagihara and Heck, respectively [5b, 17b, 26] . Accordingly, the Pd/Cu-m ediated preparation o f 1 and 2 from com m ercially avail able brom obenzene precursors proceeded sm ooth w ith yields up to 95 %. However, considerable am ounts o f m onosubstituted (9-brom o-10-ferrocenylethynylene)anthracene were obtained in the synthesis o f 3 under quite m ild conditions, w hich indicates the necessity o f elevated tem peratures and elongated reaction tim es in this case of tw ofold sub stitution.
Furtherm ore, it was am ong the aim s to enrich the spectrum o f heterobim etallic acetylenes by addi tional coordination com plexes. However, the syn thesis o f novel system s, nam ely //6-(ferrocenylethynylene)benzene chrom ium tricarbonyl, r f -(ferrocenylethynylene)-/?-chlorobenzene chrom ium tricarbonyl and (/75-pentam ethylcyclopentadienyl)-ruthenium [/76-(ferrocenylethynylene)benzene] triflate under H agihara conditions from appropriate precursors failed. Insufficient coupling and/or ambigous characterization of the target com pounds prohibited access to these asym m etric ethynes, although the large-scale preparation o f respec tive starting m aterials (r/6-4-brom ochlorobenzene chrom ium tricarbonyl, (/;5-pentam ethylcyclopentadienyl)ruthenium (//6-iodobenzene) triflate) proved possible.
The synthesis o f 9, lO -bis(ferrocenylethynylene)-anthracene gave evidence that the nucleophilic addition m ethod that utilizes anthraquinone and lithium acetylides as reaction partners is quite ef ficient and com petes well with the palladium catal ysed approach. The addition-elim ination reaction generally proceeds w ithout problem s and yielded com pound 3 with 77%. The lanthanide m ediated version o f the carbonyl alkynylation [27] has not been tested but could certainly be advantageous.
One o f the most straightforw ard preparation m ethods to diarylethynes is the reaction o f m ono substituted ethynes with susceptible arenes via in situ generation o f lithium acetylides. T his strategy proved successful in the synthesis of (ferrocenylethynylene)cobaltocenium hexafluorophosphate and related system s [7b, 20] , as well as in the preparation of ethynylpentafluorobenzenes [28] , Further substitution in m onosubstituted perfluorobenzenes predom inantly occurs in p a ra posi tion [28] . Thus, it was o f interest to study the reac tion o f ethynylferrocene with 2,3,4,5,6-pentafluorostyrene, w hich is com m ercially available and guar antees convenient access to 4-ferrocenylethynylene-2,3,5,6-tetrafluorostyrene 4. The styrene unit en ables polym erization which is particularly interest ing as the favorable inductive effect of fluoro sub stituents in perfluoroarenes and the acetylene bridge prom ise rem arkable nonlinear optical activity.
Even ethynyltriphenyl borates and phosphinoboratoacetylenes have been prepared by direct ethynylation [29] . Both m aterials, the zw itterionic (diphenylm ethylphosphino)triphenylboratoacetylene [29b, 30] , and (ferrocenylethynylene)dim esitylborane [7c], have been proposed as NLOphores besides transparent am m onium /borate zwitterions [31] . On the other hand, com bination o f ethynylferrocene w ith triphenylborane yielded potassium (ferrocenylethynylene)triphenyl borate 5, an additional boron containing com pound with distinct advantages for second order nonlin ear optics. Follow ing the synthetic concepts, the most desirable m aterial w ould be (cobaltoceniumethynylene)triphenyl borate. However, we were yet not able to prepare this zw itterionic D /A complex.
The preparation o f lithium ferrocenylacetylide and subsequent transm etallation finally has been reported as m ethod o f choice in the Pdcatalysed coupling to squaric acid derivatives such as 3-ferrocenyl-4-(ferrocenylethynylene)cyclobut-3-en-l,2-dio n e and 3,4-bis(ferrocenylethynylene)-cyclobut-3-en-l,2-dione [32] , w hich represent an additional class o f ethyne bridged D /A -system s and contribute to the m ore classical donor-acceptor sys tem s as 4-(ferrocenylethynylene)nitrobenzene, 4-(ferrocenylethynylene)cyanobenzene and 4-(ferrocenylethynylene)acetylbenzene [22, 23] .
Experimental Section
All experiments were carried out under an inert atmo sphere using standard Schlenk technique unless otherwise indicated. THF was distilled under argon from sodium benzophenone and reagent grade dichloromethane from calcium hydride. Starting materials were used as pur chased without further purification or prepared according to literature procedures and checked for purity. Silica for column chromatography was purchased from (1) Ethynylferrocene (0.84 g, 4.0 mmol) and 1,4-diiodobenzene (0.66 g, 2.0 mmol) were suspended in diiso propylamine (15 ml) under argon. The system was stirred for a few minutes, bis(triphenylphosphine)palladium(II) chloride (140 mg, 0.2 mmol) and copper(I) iodide (76.0 mg, 0.4 mmol) were added, and the system, which soon darkens, was stirred at room temperature for 18 h.
1,4-Bis(ferrocenylethynylenejbenzene
The reaction mixture was filtered by suction through a sintered glass frit (G3) and successively washed with small amounts of diisopropylamine, hexane and diethylether. The residue was taken up in THF, fil tered again and the solvent evaporated under reduced pressure. The product was dried in vacuo. Pure 1,4-bis(ferrocenylethynylene)benzene (0.93 g, 1.9 mmol, 94%) was obtained. MS: m/z = 493 (100%). (2) 1,3,5-Tribromobenzene (31.5 mg, 1.0 mmol) was dissolved in diisopropylamine (5 ml). Bis(triphenylphosphine)palladium(II) chloride (3.5 mg, 0.05 mmol) and copper(I) iodide (19 mg, 0.1 mmol) were added, and the system was stirred at room temperature. Ethynylfer rocene (0.693 g, 3.3 mmol) was dissolved in diisopropyl amine (15 ml) and slowly added to the reaction mixture by means of a dropping funnel. The solution darkens im mediately. The dropping funnel was then replaced by a reflux condenser and the system stirred under reflux. The color of the reaction mixture turned brown after 3 h when TLC showed 3 spots; after 2 d only two TLC-spots re mained visible. The reaction was terminated after 6 d, when coupling was completed.
The reaction mixture was filtered through a sintered glass frit and carefully washed with diisopropylamine.
The residue was taken up in THF and combined with small amounts of product that could be isolated from the mother liquor. The solvent was removed under reduced pres sure and 1,3,5-tris(ferrocenylethynylene)benzene (0.66 g, 94%) was obtained.
IR ( (3) Ethynylferrocene (1.05 g, 5.0 mmol) was dissolved in dry THF (25 ml) . The solution was cooled to -78°C and /7-butyllithium (2.4 M solution in /7-hexane, 2.1 ml) was slowly added. The mixture was warmed to room temper ature and stirred for 60 min. After removal of solvents the remaining orange residue was dissolved in dry 1,4-dioxane (30 ml). Anthraquinone (0.52 g, 2.5 mmol) and TMEDA (5 ml) were added to the solution and the system was refluxed for 18 h. The color of the reaction mixture changed from red to olive brown.
Precipitation of the orange intermediate glycol iso mer was achieved by adding 100 ml of water. The crude product was filtered (G3) and remaining residues in the flask were extracted with dichloro methane. The com bined crops were purified by column chromatography (Silica G-60741, 5x15 cm, 1. /7-hexane, 2. diethylether). The hexane fraction was discarded whereas the ether frac tion yielded the pure intermediate almost quantitatively after removing the solvent and drying.
A flask was charged under inert atmosphere with tin(II) chloride dihydrate (68 mg, 0.4 mmol) and acetic acid (50 %, 30 ml). The intermediate glycols (251 mg, 0.4 mmol) were dissolved in dry 1,4-dioxane (30 ml) and slowly added to the tin chloride solution by means of a dropping funnel. The color of the solution turned red with formation of a precipitate. The reaction was termi nated after 60 min, the system filtered and the residue was washed with water and dried. The product was taken up in small amounts of dichloro methane and purified by column chromatography (Silica G-60742, 4x40 cm, 77-pentane/diethylether 50:50). The eluent was removed and the product dried. 9,10-Bis(ferrocenylethynylene)-anthracene (0.183 g, 77%) was obtained as a deep purple powder.
IR ( (4) Ethynylferrocene (0.5 g, 2.4 mmol) was dissolved in THF (20 ml) and the system cooled to -78°C. /?-Butyllithium (2.0 M solution in /7-pentane, 1.2 ml, 2.4 mmol) was added and the solution stirred for 1 h while rising the temperature to r.t.. 2, 3, 4, 5, 2.6 mmol) was slowly added and the system stirred for 2 h at room temperature. The color of the reaction mixture changed into an intense red. The solution was concentrated to remove solvent and unreacted pentafluorostyrene. The brownish-red residue was taken up in dry /7-hexane and stirred overnight. The solution was concentrated and the product purified by column chromatography (Sil ica G-60741, 220-440 mesh, 3x60 cm, /7-hexane/diethyl ether 70:30). An orange band and 120 mg of a red oil were isolated. The degree of purity of fraction 1 could be increased by a second chromatographic separation (Silica G-60741, 220-440 mesh, 5x60 cm, /7-hexan/diethyl ether 50:50) which yielded 4-ferrocenylethynylene-2, 3,5,6-tetrafluorostyrene (0.55 g, 59%) . Fraction 2 con tained low-molecular weight oligomers with MS-peaks at 441,556 and 614. Potassium (ferrocenylethynylene)triphenyl borate (5) Triphenylborane [33] : Sodium tetraphenyl borate (20,0 g, 58,4 mmol) was dissolved in hot water (300 ml) and cooled to room temperature with stirring. A second solu tion was prepared from aqueous trimethylamine solution (15 %, 26.7 ml) and concentrated HC1 (21.4 ml, 257 mmol). The solutions were combined with spontaneous formation of white trimethylammonium tetraphenyl bo rate [NH(CH3)3]+[B(C6H5)4]-. The system was vigor ously stirred for 5 min and the precipitate filtered and dried. The white ammonium salt was pyrolized by slowly rising the temperature to 160°C to remove trimethyl amine and benzene before collecting the pure product. Triphenylborane was obtained in 80% yield as white crys tals and stored under argon at 4°C. Potassium (ferrocenylethynylene)triphenyl borate (in analogy to the protocol of [29a]): Ethynylferrocene (1.05 g, 5.0 mmol) was dissolved in dry THF (25 ml) under argon. The system was cooled to -78°C and treated with H-butyllithium (2.4 M solution in n-hexane, 2.1 ml, 5.0 mmol). After stirring for 90 min the solution was com bined with triphenylborane (1.16 g, 4.8 mmol) in THF (50 ml). The cooling-bath was removed after 30 min and stirring was continued for further 18 h at room tempera ture.
The solvent was removed and the residue taken up in water. The mixture was extracted with n-hexane until the organic phase remained almost colorless. The aqueous phase was combined with a solution of potassium chlo ride (1.17 g, 15.7 mmol) in water (50 ml) to precipitate potassium borate. The flaky product was isolated by suc tion through a sintered glass frit, washed with water and dried. Potassium (ferrocenylethynylene)triphenyl borate
Conclusion
The synthesis of asymmetric acetylenes and ferrocenyl acetylenic donor/acceptor systems with perfluorinated arenes or aryl borates as the acceptor components is re ported, using the easily accessible ethynylferrocene as key starting material. Bi-and termetallocenes are prepared by means of the well-established Hagihara coupling, whereas the fluoroarene and phenyl borate acceptor con taining systems are accessible by nucleophilic substitu tion and nucleophilic addition, respectively. The latter ma terials introduce both inductive acceptor and covalently bonded anionic terminal functionalities with distinct ad vantages in ferrocene based NLO-phores, and contribute to the prevailingly studied classical organic functional groups as generally discussed in many tolane based struc tures. Further conceptual development towards molecular composites from these representatives gives rise to inno vative and quite efficient materials with application in the fields of molecular electronics and photonics.
